Abstract: Andigena potatoes (Solanum tuberosum L. subsp. andigena Hawkes) (2n = 4x = 48) are native farmerselected important cultivars that form a primary gene pool of the common potato (Solanum tuberosum L. subsp. tuberosum). The genetic diversity of 185 Andigena accessions and 6 Chilean native potatoes (S. tuberosum subsp. tuberosum) was studied using chloroplast DNA (ctDNA) microsatellites and nuclear DNA (nDNA) restriction fragment length polymorphism (RFLP) markers. Andigena potatoes had 14 ctDNA haplotypes and showed higher variability in the central Andes, particularly in Bolivia, whereas those in the northern regions of the distribution area were remarkably uniform with A1 ctDNA and Chilean subsp. tuberosum with T ctDNA. Most of 123 clearly scored RFLP bands using 30 single-copy probes were randomly distributed throughout the distribution area and proved the same gene pool shared among these widely collected accessions. Nevertheless, the geographic trend of the nDNA differentiation from north to south along the Andes and the correlated differentiation between nDNA and ctDNA (r = 0.120) could also be revealed by canonical variates analysis. These results suggest that the genetic diversity in Andigena was brought about primarily from cultivated diploid species but considerably modified through sexual polyploidization and intervarietal and (or) introgressive hybridization and long-distance dispersal of seed tubers by humans.
Introduction
Andigena potatoes are native farmer-selected tetraploid cultivars (Solanum tuberosum L. subsp. andigena Hawkes) (2n = 4x = 48) that have long been the most important staple food in the Andean highlands (2000-4000 m). Andigena potatoes are grown and tubers are formed only under short-day conditions from Mexico, Guatemala, Venezuela, and southwards along the Andes as far as northwestern Argentina. The North and Central American cultivars were most likely introduced from South America, whereas the cultivars from Colombia to Argentina were likely native (Hawkes 1990 ). Other tetraploid potatoes (Solanum tuberosum L. subsp. tuberosum) are grown in the coastal regions in Chile and worldwide, which are Chilean tuberosum and the common potato, respectively, and likely originated independently from Andigena potatoes by selection (Hawkes 1956 (Hawkes , 1990 Brücher 1963; Hosaka and Hanneman 1988a) .
Solanum stenotomum Juz. et Buk. is one of 7 cultivated potato species and believed to be the most primitive diploid species grown from central Peru to central Bolivia (Hawkes 1990) . Andigena originated via polyploidization from an intervarietal or interspecies cross within cultivated diploid potatoes involving S. stenotomum as the main germplasm (Swaminathan and Magoon 1961; Matsubayashi 1991; Hosaka 1995) or from an interspecies cross between S. stenotomum and a wild diploid species, Solanum sparsipilum (Bitt.) Juz. et Buk. (Hawkes 1956 (Hawkes , 1990 Cribb and Hawkes 1986) .
Very wide morphological and physiological variability has been recognized in Andigena (Hawkes 1956; Simmonds 1964; Ugent 1970; Joseph and Gopal 1994) . Ochoa (1990) described 13 botanical varieties and 35 forms only for Bolivian Andigena. Salaman (1946) examined leaf characters of 139 Andigena cultivars and observed that the S. tuberosum subsp. tuberosum-like forms steadily increased from 5% in Bolivia and Argentina to 27% in Peru, 65% in Ecuador, and 70% in Colombia. However, extreme overlapping of characters in Andigena makes even separation from S. tuberosum subsp. tuberosum difficult (Simmonds 1964; Hawkes 1990; Huamán and Spooner 2002) .
Restriction fragment length polymorphisms (RFLPs) of chloroplast DNA (ctDNA) disclosed genetic variation within Andigena potatoes (Hosaka 1986; Hosaka and Hanneman 1988a) . Five basic ctDNA types (W, T, C, S, and A) have been identified among cultivated potatoes (Hosaka 1986 ). Andigena had A-type ctDNA in many accessions, and 4 other ctDNA types with different frequencies varied from north to south of the Andes (Hosaka and Hanneman 1988a) . Most of the ctDNA diversity in Andigena was shared with S. stenotomum and then overlapped partly with various presumed ancestral species (Hosaka and Hanneman 1988b; Hosaka 1995; Sukhotu et al. 2005) . Hosaka (1995) proposed a hypothesis of multiple origins for S. stenotomum by successive domestication from the ancestral species complex (the successive domestication hypothesis). Subsequent sexual polyploidization formed wide ctDNA diversity among the Andigena potatoes (Hosaka 1995) .
In this paper, we studied 185 accessions of Andigena and 6 accessions of Chilean tuberosum potatoes using ctDNA microsatellites and nuclear DNA (nDNA) RFLPs to understand the genetic diversity in these most important Andean potatoes. The relevant aims that will be addressed are the geographic differentiation and coevolution of ctDNA and nDNA.
Materials and methods

Plant material and DNA isolation
One hundred eighty-five Andigena accessions, collected throughout its distribution area, were used, and were grouped as regional populations: region 1, North America (Mexico and Guatemala); region 2, northern Andes (Venezuela, Colombia, and Ecuador); region 3, Peru (except Department of Puno); region 4, Lake Titicaca (Department of Puno, Peru, and Department of La Paz, Bolivia); region 5, Bolivia (except Department of La Paz); region 6, north Argentina. Since Lake Titicaca lies between Peru and Bolivia and was often cited as the center of diversity of Andean cultivated potatoes (Simmonds 1976; Hawkes 1990 ), region Lake Titicaca was set as a separate region from the others. Six accessions of Chilean tuberosum were also included as samples from region 7, coastal Chile ( Fig. 1 ; Table 1 ). Accessions with CIP numbers have all been clonally propagated at the International Potato Center, Lima, Peru, which were obtained as DNA samples (see Sukhotu et al. 2004) . Accessions with PI numbers were obtained as seeds from the Potato Introduction Station (NRSP-6), Sturgeon Bay, Wis. One seedling of each accession was used, except for 4 accessions for which 2 seedlings each were used as duplicates. Total DNA was isolated from fresh leaves by the method described in Hosaka and Hanneman (1998) .
DNA analysis
For determination of ctDNA types, BamHI, HindIII, or PvuII restriction fragment patterns were used as described in Hosaka and Hanneman (1988b) . Seven ctDNA microsatellite markers (NTCP markers, developed by Provan et al. 1999) and the H3 marker (developed by Hosaka 2003) were used to further reveal ctDNA polymorphisms. For nDNA RFLP analysis, 30 single-copy probes were used: TG14, TG22, TG28, TG46, TG61, TG63, TG71, TG115, TG123, TG134, TG152, TG413, TG560, P41, P73, P101, P116, P140, P215, P251, P357, P368, P537, P695, P697, P769, P808, P894, P948, and P1108. The TG probes were single-copy tomato probes obtained from Dr. S.D. Tanksley, Cornell University, Ithaca, N.Y. (Tanksley et al. 1992) . The P probes were random genomic clones from Solanum phureja clone 1.22 (Hosaka and Spooner 1992) . Detection procedures have all been described previously (Sukhotu et al. 2004) .
Data analysis
For the analysis of nDNA, only visibly reliable and polymorphic (presence versus absence) bands were used as RFLPs. ctDNA microsatellites and nDNA RFLPs were scored as 1/0 for each fragment. Pairwise similarities between accessions were calculated as Jaccard coefficients (J) (a perfect match for J = 1.00) separately for ctDNA microsatellites (including H3 marker data) and for nDNA RFLPs. Population means of J were compared by t test.
Since allelic relationships among RFLPs were not known, each RFLP was considered to be a single locus, and the extent of genetic variation in a population was measured by av-erage gene diversity (H) (Nei and Kumar 2000) . The gene diversity at a locus (h) is defined as
where x i is the frequency of the ith allele and q is the number of alleles. The H value is the average of this quantity over all loci. The H value for ctDNA microsatellites was the average of h values from all microsatellite loci and the H3 marker. For clustering ctDNA haplotypes, the unweighted pair group method with arithmetic means (UPGMA) was used. To search for the most probable UPGMA dendrogram, 1000 bootstraps were carried out and an unrooted phylogram was obtained using PAUP 4.0b10 (Sinauer Associates, Inc., Sunderland, Mass.).
Principal components analysis (PCA) and canonical variates analysis (CVA) were performed using 1/0-type data as variables using NTSYSpc version 2.0 (Rohlf 1997 ).
Pearson's correlation coefficients (r) were calculated between the geographic distance, nDNA RFLPs, and ctDNA microsatellite distance matrices prepared by measurements of Euclidean distances, and the Mantel test was performed by 1000 random permutations to test whether the original correlation occurred by chance using Mantel for Windows version 1.14 (developed by Mauro J. Cavalcanti).
Results
ctDNA haplotypes
Restriction fragment patterns of ctDNA obtained in this study were similar to those reported earlier (Hosaka and Hanneman 1988b) , thus disclosing the known ctDNA types (A, S, C, W, and T) that could be assigned to all accessions used. Seven ctDNA microsatellites detected single fragments in each accession and a total of 28 different fragments were detected, while the H3 marker produced two types of restriction banding patterns (types 1 and 2; see Sukhotu et al. 2004 ). The combination of 30 fragments and types discriminated 14 different ctDNAs (Table 2) . A-type ctDNA was separated into 2 different ctDNAs referred to as A1 and A2 ctDNA haplotypes (suffixed numbers in order of appearance frequencies). Likewise, C-type ctDNA was separated into C1, C2, C3, and C4 and W-type ctDNA into W1, W2, W3, W4, W5, and W6 haplotypes. Both S-and T-type ctDNAs were no more separated by these ctDNA microsatellites and the H3 marker.
The differences between ctDNA haplotypes are shown in Fig. 2 with a UPGMA consensus tree based on 1000 bootstrap replicates. This unrooted tree could be separated to 2 halves based on ctDNA types: a group of W-and T-type ctDNA and another of A-, S-, and C-type ctDNA, which is in good agreement with our previous studies (Sukhotu et al. 2005) .
Distribution and diversity of ctDNA haplotypes
The A1 haplotype was the most frequent ctDNA in Andigena (56.8%) and the T haplotype in Chilean tuberosum (83.3%). The A1 ctDNA predominated in North America and northern Andes (regions 1 and 2) ( Table 3 ). A2 ctDNA was only found in 3 Colombian accessions in region 2 (Table 1). Toward the south of the Andes, the frequencies of A1 drastically decreased with the lowest frequency of 30.5% in Bolivia. The S ctDNA haplotype (17 accessions) was found in 18.8% of accessions from Lake Titicaca, and the withinregion frequencies decreased toward the north (9.4% in Peru) and south (11.1% in Bolivia and 9.6% in north Argentina). The C1 ctDNA (35 accessions) was widely distributed in the central Andes (Regions 3-6), whereas C2 (four accessions) was limitedly distributed in Peru and Lake Titicaca and C3 and C4 (one accession each) only in Peru and Bolivia, respectively. W1 ctDNA (9 accessions) was sparsely found in the central Andes (regions 3, 5, and 6), whereas the W2-W6 haplotypes were rare in this region except in Bolivia (5 accessions). The T ctDNA haplotype, the most common ctDNA in S. tuberosum subsp. tuberosum, was found in 2 Andigena accessions from north Argentina, as similarly described in Hosaka and Hanneman (1988a) and Hosaka (2004) , and in 1 Ecuadorian accession (PI 246979) ( Table 1) .
Regional diversity was measured by the gene diversity h for ctDNA types and by the average gene diversity H for microsatellites including the H3 marker (Table 3) . Both measurements similarly indicated that levels of genetic diversity in ctDNA were very low in the northern Andes (h = 0.00-0.08 and H = 0.00-0.11), but very high in the central Andes with the highest values obtained in Bolivia (h = 0.71 and H = 0.54).
nDNA RFLPs
One hundred ninety-one accessions including 4 accessions with duplicates were analyzed using 30 single-copy RFLP probes. A total of 123 bands, or an average of 30.4 bands per sample (SD = 4.32), were clearly scored, of which nine were unique to single accessions. All samples were uniquely distinguished with an average of 26.9 bands (SD = 5.59, minimum 3 -maximum 50). Duplicates were distinguished from their counterparts by an average of 13.8 bands (SD = 4.35). There was no common band in all Chilean accessions or in all Andigena accessions. A  174  174  250  289  237  151  186  2  A2  A  174  174  250  289  236  151  186  2  S  S  127  173  251  289  239  150  186  2  C1  C  173  174  251  289  236  150  187  2  C2  C  175  174  250  289  238  151  186  2  C3  C  173  174  251  289  236  151  187  2  C4  C  173  174  251  289  236  150 Note: NTCP markers reveal polymorphisms in simple sequence repeats in ctDNA (developed by Provan et al. (1999) . The H3 marker produced polymorphic banding patterns by PCR amplification followed by digestion with the restriction endonuclease DraI (Hosaka 2003) . Table 2 . Characterization of ctDNA haplotypes based on ctDNA types, microsatellite fragments (base pairs), and the H3 marker.
Fig. 2.
Relationships among ctDNA haplotypes shown by an unrooted UPGMA consensus tree based on 1000 bootstraps.
An average J between accessions was 0.39 (SD = 0.08), which was significantly lower than that between duplicates (J = 0.64, SD = 0.12) (t = 5.750, P < 0.001). The average J between Andigena and Chilean tuberosum was 0.38 (SD = 0.08), which was statistically lower than that within Andigena (J = 0.41, SD = 0.08) (t = 12.105, P < 0.001) or within Chilean tuberosum (J = 0.44, SD = 0.13) (t = 2.856, P < 0.005). The Ecuadorian Andigena accession having T ctDNA haplotype (PI 246979) had J = 0.38 (SD = 0.06) to the other Andigena accessions and J = 0.42 (SD = 0.07) to Chilean tuberosum, each corresponding to the betweengroup similarity and within-group similarity, respectively. Thus, as hypothesized by Hosaka (2004) for this accession, it seems to be a later introduction of or a hybrid with S. tuberosum subsp. tuberosum. Consequently, this accession was omitted from further analysis.
Regional differences among 190 accessions are tabulated in Table 4 . Numbers of scored bands, polymorphic bands, and endemic bands (appearing only in a certain region) were all larger in Bolivia and north Argentina, whereas their means per accession were not so large compared with those of the other regions. The average gene diversity H for each region ranged from 0.23 to 0.34 (Table 4 ). No significant difference was found between neighboring regions except for coastal Chile, which showed a significantly higher H than north Argentina (t = 3.163, P < 0.002). Differences within regions ranged from J = 0.36 for Lake Titicaca to J = 0.55 for North America, which were not always larger than those between regions (J = 0.34-0.43). In particular, J values within the populations from Lake Titicaca (0.36) and Bolivia (0.40) were almost at the same level as or slightly lower than those between these and the other regions. Interestingly, Chilean tuberosum showed the highest similarity to the accessions of the most remote location (J = 0.43 to North America) rather than to the closest location (J = 0.34 to north Argentina).
Multivariate analysis
To further reveal the nature of nDNA variation, PCA and CVA were performed using 190 accessions. The PCA plot by the first and second principal components, each explaining only 6.1% and 3.9% of the total variation, respectively, showed continuous overlapping of the accessions of Regions 2, 3, 4, 5, and 6 in that order and a rough separation between accessions with C-or S-type ctDNA and those with W-type ctDNA (plot not shown).
The CVA performed by Andigena and Chilean tuberosum as predefined groups significantly distinguished these 2 groups (Wilk's lambda = 0.0823, P (same) < 0.00001) (plot not shown). The CVA performed by regions as groups successfully disclosed a geographical cline from region 1 to region 6 by canonical variate 2 (Fig. 3 ) (Wilk's lambda = 0.000034, P < 0.00001), although regional groups were continuously overlapping. Accessions of region 7 were distinctly located on the left of canonical variate 1 axis, also indicating a good separation between Andigena and Chilean tuberosum.
The result of the CVA, based on nDNA RFLPs and performed by 5 ctDNA types as predefined groups, is shown in ctDNA haplotypes were uniquely separated, and those with C-type ctDNA were partially separated from those with Aand S-type ctDNA, which were continuously overlapped with each other (Wilk's lambda = 0.001198, P < 0.00001).
Correlation between distance matrices
The nDNA RFLPs and ctDNA microsatellite distance matrices using all 184 Andigena accessions were poorly and positively correlated (r = 0.120) with a statistical significance level of 1%. A geographic distance matrix was obtained from 178 Andigena accessions that had exact locality data. This matrix was compared with the nDNA RFLPs and ctDNA microsatellite distance matrices obtained from these limited accessions. Neither the nDNA RFLPs (r = 0.013) nor ctDNA microsatellites (r = -0.101) showed significant correlations with the geographic distance matrix, the latter of which could be expected because the A1 haplotype distributed throughout the distribution area and the diversity was not evenly distributed (Table 3) .
Discussion
Genetic diversity in Andigena potatoes
Since Andigena is known as a highly polymorphic tetraploid cultigen (Hawkes 1956; Simmonds 1964; Ugent 1970; Ochoa 1990; Joseph and Gopal 1994) and can be separated from S. stenotomum only by the chromosome number (Huamán and Spooner 2002) , it might be an assemblage of various genetically differentiated subpopulations (Ugent 1970) . In our study, however, Andigena potatoes did not show any clearcut trends or genetically distinct subpopulations, as evaluated by nDNA RFLPs. The small number of RFLP probes used is not likely the reason because almost the same set of probes could distinguish three distinct clusters among Andean cultivated and closely related wild potato species (Sukhotu et al. 2004) .
Similarity within an accession (J = 0.64) was certainly higher than that between accessions (J = 0.41), whereas those between regional populations (J = 0.36-0.44) were not much different from those within populations (J = 0.38-0.56). The high level of within-population diversity and the low level of between-population diversity at the allelic level in isozyme loci have been reported for Peruvian landraces (Zimmerer and Douches 1991; Brush et al. 1995) . The average gene diversity H showed almost the same level of diversity over the distribution areas of Andigena from North America to north Argentina (Table 4) , actually meaning that the same level of heterozygosity occurred in any sample from any region and most of alleles were likely sampled without a geographic tendency. This agrees with the Simmonds ' (1964) conclusion that all characters are found in all parts of the range. The lack of apparent correlation between geographic distances and genetic differentiation strongly suggests that these accessions belonged to the same gene pool of Andigena, which has been maintained by frequent gene exchange by hybridization and (or) arose by common ancestry (Zimmerer and Douches 1991; Quiros et al. 1992) . Whether this gene pool is a part of or an independent taxon corresponding to a species, subspecies, or other taxonomic rank not in the scope of the present study will be discussed in the future. findings (Hosaka and Hanneman 1988a) . The CVA plotted by ctDNA haplotypes (Fig. 4) showed clearer separation between predefined groups than the one plotted by regions (Fig. 3) . In comparisons among the geographic distance, nDNA, and ctDNA distance matrices, only the correlation between the nDNA and ctDNA matrices was significant (r = 0.120). This suggests that the genetic diversity in Andigena was more influenced by maternal parents than by geographic factors such as local climate, soil conditions, farmers agricultural practices and preferences, etc.
Origin of the genetic diversity
Solanum stenotomum, the most probable maternal ancestor of Andigena (Hosaka and Hanneman 1988b) , likely outlined the initial genetic diversity of Andigena. The most predominant A1 ctDNA (or A-type ctDNA) in Andigena probably first arose in a putative wild ancestral species in central Peru and spread mostly in Peruvian S. stenotomum (Hosaka 1995) . The much wider distribution of Andigena than S. stenotomum and particularly its distributional expansion towards the north seem to associate with A1 ctDNA. The S ctDNA, in turn, probably arose in wild species in southern Peru and spread throughout its distribution area of S. stenotomum (Sukhotu et al. 2005) . The S-type ctDNA in Andigena was found from Peru to Bolivia, overlapping with the distribution area of S. stenotomum, and southward to north Argentina. This indicates that initially and locally occurred new types of ctDNA were disseminated from wild species to S. stenotomum and then to Andigena.
Hybridization occurs frequently in cultivated potato fields and natural hybrids are unintentionally incorporated into the cultivated potato gene pool (Ugent 1970; Jackson et al. 1977 Jackson et al. , 1980 Huamán et al. 1980; Johns and Keen 1986; Rabinowitz et al. 1990; Zimmerer and Douches 1991) . Furthermore, Andean native farmers occasionally use true botanical seeds to renovate degenerated tubers because of viral infection (Quiros et al. 1992) . Therefore, it is suggested that although the genetic diversity of Andigena was outlined initially by S. stenotomum, the present genetic diversity in Andigena was considerably modified and attenuated through sexual polyploidization and intervarietal and (or) introgressive hybridization after Andigena arose and more likely by long-distance dispersal of seed tubers by humans.
Further differentiation in Andigena
Chilean tuberosum, irrespective of its ctDNA (T or A1), was clearly distinguished from Andigena potatoes by nDNA RFLPs, although a very small number of Chilean tuberosum accessions were used, since this study was not designed to evaluate the relationship between the 2 taxa. The present results agree with those of Raker and Spooner (2002) , who successfully separated Chilean tuberosum from Andigena potatoes using microsatellite markers of nDNA. Recently, Hosaka (2003) traced T ctDNA, the most common ctDNA of Chilean tuberosum, to some populations of a wild diploid species Solanum tarijense Hawkes and suggested that Chilean tuberosum originated by selection from natural hybrids between S. tarijense as females and Andigena as males (Hosaka 2004) . Thus, the distinctiveness of Chilean tuberosum might be due to incorporated germplasm from S. tarijense.
Compared with diploid cultigens, Andigena potatoes extended the growing area much farther south, which accompanied various haplotypes of W-type ctDNA in Bolivia and T ctDNA in north Argentina (Table 3) . Likewise with T ctDNA incorporated from S. tarijense, this W-type ctDNA might also be incorporated by introgressive hybridization from Bolivian and Argentine wild species, most of which have W-type ctDNA (Nakagawa and Hosaka 2002; Sukhotu et al. 2004 ). The importance of introgressive hybridization and (or) polyploidization from any wild and cultivated species via 2x × 4x or 4x × 2x crosses has been emphasized to broaden the genetic diversity and adaptability of Andigena (Ugent 1970; Bukasov 1978; Hosaka and Hanneman 1988b; Grun 1990 ). Alternatively, according to the successive domestication hypothesis (Hosaka 1995) , Andigena potatoes having W-type ctDNA are thought to be the most primitive varieties. To solve the controversy on the conflicting hypotheses as to the W-type ctDNA and the species origin of Andigena, evolutionary relationships of Andigena with closely related species including various hypothesized ancestral species should be investigated in a future study.
